Brain trauma is associated with long-term decrements in synaptic plasticity and cognitive function, which likely reside on the acute effects of the injury on protein structure and function. Based on the action of proteasome on protein synthesis and degradation we have examined the effects of brain injury on proteasome level/activity and the potential of exercise to interact with the effects of the injury. Exercise has a healing ability but its action on proteasome function is not understood. Male Sprague-Dawley adult rats (n = 19) were performed mild brain fluid percussion injury (FPI) prior to exercise. Animals were assigned to four groups: sedentary (Sed) or exercise (Exc) with sham surgery (Sham) or FPI:
Introduction
Brain trauma causes a long-term reduction in cognitive capacity (Rees et al., 2007; Royo et al. 2007) , and these limitations likely derive from the events stemming from the period of the injury such as deteriorations in the molecular substrates that support synaptic plasticity and function. Most if not all forms of synaptic plasticity involve protein synthesis and limited protein degradation (James et al., 2005) , which are under the spectrum of the action of proteasome complex. The proteasome system is responsible for the degradation of altered cellular proteins, including those modified by reactive oxygen species. Oxidized proteins are tagged for degradation either by the change of hydrophobicity or by ubiquitination, such that residual amino acids can be recycled for protein synthesis (Yao et al., 2008) . Fluid percussion brain injury (FPI) reportedly results in oxidative modification of proteins (Wu et al., 2006) ; however, the role of proteasome complex in the pathobiology of the damage has been poorly investigated. The transcription factor Zif 268 is an early gene that may serve as a liaison between protein syntheses and degradation by modifying gene expression of proteasome subunits (Farmer et al., 2004 ). It appears that Zif 268 can alter the expression of proteasome subunits, with resulting effects on protein degradation and synapse formation (James et al., 2005) . Protein degradation has been suggested to contribute to synaptic plasticity (Opii et al., 2007) but the mechanisms involved are not well understood. Synapsin I is a vesicleassociated phosphoprotein engaged in transmitter release (Baekelandt et al., 1994 ) that secures synaptic vesicles to the actin cytoskeleton (Greengard et al., 1993) . The supporting function of synapsin I on vesicle formation depends on proper protein synthesis and degradation, a process likely affected by brain trauma. In turn, regular exercise has been shown to promote changes in the activational stage of synapsin I that may reflect its action on the maintenance of a synaptic vesicle reserve pool. Exercise has also been shown to decrease the accumulation of oxidative protein modification in a variety of tissues including brain (Radak et al., 2008) . In addition, it is becoming well established that exercise can benefit the traumatically injured brain, probably by reducing the deleterious effects of oxidative damage on synaptic plasticity and cognitive function (Gomez-Pinilla, 2008; Griesbach et al., 2008) . Therefore, the objective of the current investigation is to determine the effects of brain trauma on the proteasome complex, and the possibility that voluntary exercise can counteract the effects of trauma, expecting to shed light on the involvement of protein turnover on the pathobiology of traumatic brain injury.
Results

Effects of brain trauma
Fluid percussion injury (FPI) was used to evaluate the effects of brain trauma on oxidative stress, proteasome parameters, and correlates of synaptic plasticity. Our data show that the carbonyl concentration increased significantly in the injured side of the caudal cerebral cortex compared to sham control rats (160.1 ± 9.6%, p < 0.01) (Fig. 1A) . The other significant effect of FPI was a reduction in the levels of synapsin I, a vesicle associated protein important for synaptic transmission (58.3 ± 4.3%, p < 0.01, FPI/Sed compared to Sham/Sed controls) (Fig. 1B) . Indeed, a strong negative correlation was found between the level of carbonyl groups and the contents of synapsin I (r = −0.675, p < 0.01) (Fig. 1C) . FPI also showed a tendency to elevate levels of proteasome activity ( Fig. 2A ).
Effects of exercise
Voluntary exercise decreased the accumulation of carbonyl groups in both sham (31.5 ± 2.2% SEM, p < 0.01, Shma/Exc compared to Sham/Sed controls) and FPI (56.75 ± 4.3% SEM, p < 0.01, FPI/Exc compared to Sham/Sed controls), suggesting that exercise can promote a condition of increased resistance Fig. 2A) . We have found a linear relationship between carbonyl content and proteasome activity (r = 0.675, p < 0.01) (Fig. 2B ), which could mean that proteasome action is associated with the level of oxidative protein damage. In addition, the protein content of the main subunit of proteasome, 20S alpha decreased in exercise groups (Sham/Exc: 55 ± 5.2% SEM, FPI/Exc: 60 ± 17.3% SEM, p < 0.01) compared to control groups (100 ± 6.1% SEM) (Fig. 3A) . The protein content of Zif 268 decreased in response to exercise in sham (Sham/Exc: 80 ± 7% SEM, p < 0.01) and FPI (FPI/ Exc: 78 ± 6% SEM, p < 0.01) rats compared to Sham/Sed controls (Fig. 3B) , following a similar pattern to that shown by the effects of exercise on proteasome activity ( Fig. 2A) and content (Fig. 3A) . Indeed, a positive correlation (r = 0.708, p = 0.001) was found between Zif 268 and proteasome activity (Fig. 3C) , which may suggest an association between proteasome activity and Zif 268, in agreement with the possibility that Zif 268 can serve as a regulating factor of proteasome complex.
Discussion
The present results indicate that experimental brain trauma elevates the levels of protein oxidation in the injured cerebral cortex. Correlation analysis showed that protein oxidation was positively associated with proteasome activity, while inversely related to levels of the synaptic protein synapsin I. An interesting observation was that voluntary exercise reduced levels of proteasome (Fig. 3A) , proteasome activity ( Fig. 2A) , and the protein content of Zif 268 (Fig. 3B ) in the animals that had received FPI as well as those that received sham surgery. The overall results seem to suggest that exercise can affect synaptic plasticity in the traumatically injured brain by acting on molecular systems that influence protein turnover (Fig. 4) .
FPI effects on proteasome
Our results showed that brain trauma elevated levels of oxidative stress, which could be detrimental for brain function (Radak et al., 2001) . It is also interesting that the positive correlation between protein oxidation and proteasome activity, as well as proteasome activity and Zif 268 indicate that protein oxidation and proteasome function could be interrelated events. FPI is known to induce oxidative stress (Wu et al., 2006) , necrosis, apoptosis, and inflammation (Chen et al., 2008) . The clearance of damaged proteins is indispensable in order to provide the necessary conditions for cellular repair and plasticity. Proteasome complex is a major housekeeping system, and its activity can be induced by oxidative stress. Indeed, induction of proteasome has been reported after different traumatic stressors, such as hyperoxia, radiation or oxidative damage (Chambellan et al., 2006; Radak et al., 2000) .
In the present study, FPI elevated protein oxidation and there was a linear correlation between the extent of carbonyl modification and the activity of proteasome. The fact that the effects of FPI on proteasome activity did not reach statistic significance suggests that FPI may affect proteasome via elevations in protein oxidation, and that higher levels of protein oxidation would have been necessary to elevate protein contents and activity. It is known that the oxidized proteins are tagged for degradation (Yao et al., 2008) and that activity of proteasome complex can be induced by oxidative protein damage in cell culture (Sitte et al., 1998) . The level of protein degradation could significantly affect the rate of protein turnover, which is curricular during the regeneration after cellular damage. Increasing evidence indicates that reversible proteasome inhibitors can be therapeutic Fig. 4 -Diagrammatic representation for the potential effects of brain trauma and exercise on proteasome function and synaptic plasticity. agents even neuroprotective during ischemic brain injury (Williams et al., 2003; Zhang et al., 2001) . Our data suggest that physical activity might act as a physiological regulator of proteasome to facilitate the recovery process and to maintain synaptic plasticity. In these terms, it is interesting that the application of exercise reduced levels of proteasome content or activity in animals that had received FPI. These data seem to suggest that exercise can reduce levels of protein turnover following TBI. More studies are required to determine the specific protein targets for the effects of the proteasome systems under study.
Exercise may benefit the injured brain by normalizing proteasome parameters
It is interesting that exercise was able to reverse the elevation of protein carbonyl and the reduction of synapsin I associated with the effects of FPI on the brain, and we suggest that these changes could affect synaptic plasticity. In addition, exercise reduced levels of proteasome parameters such as proteasome activity and Zif268. It is interesting that exercise reduced proteasome parameters in both intact and injured animals, which may be indicative of the housekeeping function of proteasome and the capacity of exercise to maintain plasticity under homeostatic and injured conditions.
Implications for synaptic plasticity and function
Results showed that proteasome activity changed proportionally to carbonyl levels while levels of synapsin I were reduced according to carbonyl levels. Besides the important housekeeping function of proteasome, they play an important regulatory role by targeting degradation of transcription factors important for synaptic plasticity (Hegde and Upadhya, 2007) . Although, it has been shown a regulatory action of proteasome on postsynaptic density (Ehlers, 2003) , it is not clear the mechanisms used by the proteasome complex to determine protein specificity in the exclusion of damaged proteins. Products of degradation are transported to class I major histocompatibility complex, which supplies peptides to synapse and which has been shown to strongly alter hippocampal synaptic plasticity in the form of LTP (Huh et al., 2001 ). Our correlation analysis showed a strong association between proteasome activity and Zif 268 levels. Along this line of thought, it has been suggested that Zif 268 has an important regulatory role in tuning the function of proteasome by altering the expression of several subunits of the complex to selectively target degradation of specific shortlived proteins. A recent microarray study has revealed that four proteasome subunits and the activity responsible element of the complex are dependent on the Zif 268 gene (James et al., 2005) . Early evidence indicated that other members of the synapsin family are regulated by Zif 268 (Petersohn et al., 1995) , which could affect synaptic plasticity. The involvement of Zif 268 in LTP is well demonstrated as mice with genetic deletion of Zif 268 show a deficit in memory performance (Jones et al., 2001) . Although further studies are required, the overall evidence seems to indicate that the proteasome complex could function to regulate synaptic plasticity under normal conditions and following insults. The lack of significant changes in proteasome related variables in the FPI rats does not exclude an effect of TBI on proteasome. For example, we used a low intensity FPI that may not been sufficient to trigger changes at the studied timepoint.
It has been shown that accumulation of carbonyl groups in amino acid residues of brain proteins results in loss of cognitive function (Carney et al., 1991; Radak et al., 2001) . Taken all together, it appears that voluntary exercise following FPI fosters recovery by decreasing the level of oxidative protein damage and by modulation of proteasome action with the possible regulatory involvement of Zif 268. The effect of exercise on proteasome function could translate into mechanisms that support synaptic plasticity, i.e., restore levels of synapsin I. We hypothesize that proteasome could emerge as a potential target for therapeutic agents to reduce some of the consequences of traumatic brain injury.
Experimental procedures
A total of 19 male Sprague-Dawley adult rats (250-300 g) were utilized in these experiments. Rats underwent lateral fluid percussion injury (FPI; n = 9) or sham surgery (n = 10) and were housed with or without access to a running wheel from post injury day 0 to 14. All animals were continually monitored and cared for by an IACUC-approved veterinary care staff upon arrival at UCLA. During the experiments, all rats were single housed in opaque plastic bins, which were lined with bedding material. Each animal was checked for weight loss, loss of stereospecific behavior, and any changes in coat color. All procedures were approved by the UCLA Chancellor's Animal Research Committee.
Voluntary running wheel exercise
Rats were individually caged with or without access to a running wheel (Exc) from post injury day 0 to 14 [Sham/Exc (n = 5) or FPI/Exc (n = 5)]. This post injury period was selected given that it has previously been associated with behavioral deficits. Exercising animals were placed in standard cages equipped with running wheels (diameter = 31.8 cm, width = 10 cm; Nalge Nunc International) that rotated against a resistance of 100 g. Wheel revolutions were recorded using an appropriate software (VitalViewer Data Acquisition System; Mini Mitter, Sunriver, OR). Sedentary animals (Sed) were left undisturbed in their home cages [Sham/sed (n = 5) or FPI/-sed (n = 4)]. All rats had ad lib access to food and water and were maintained on a 12/12-h light-dark cycle. The mean number of revolutions was calculated for each night, given that this was the most active period.
Fluid percussion injury
Lateral fluid percussion injury has been done accordingly to the method described previously (Griesbach et al., 2004) . In brief, rats were initially anesthetized with 4% isofluorane (in 100% O 2 ) and were then maintained to 1.5-2% isofluorane (in 100% O 2 ). The head was secured in a stereotactic frame, shaved and prepped with betadine and ethanol. Body temperature was monitored and maintained at 37°C with a heating pad (Braintree Scientific; Braintree, MA). A midline sagittal incision was made. With the aid of a microscope (Wild; Heerburg, Switzerland), a 3-mm diameter craniotomy was made with a high-speed drill (Dremel; Racine, WI), 3-mm posterior to bregma and 6-mm lateral to the midline, on the left side. A plastic injury cap was placed over the craniotomy with silicone adhesive, cyanoacrylate, and dental cement. When the dental cement hardened, the cap was filled with 0.9% saline solution. Anesthesia was discontinued and the animal was removed from the stereotactic device. The injury cap was attached to the fluid percussion device. At the first sign of hind-limb withdrawal to a paw pinch, a mild fluid percussion pulse (1.5 atm) was administered. Apnea times were determined as the time from injury to the moment of spontaneous breathing. Time of unconsciousness was operationally defined as the time from the injury to the return of a hind-limb withdrawal reflex. Sham animals underwent an identical preparation with the exception of the FPI. Immediately upon responding to a paw pinch, anesthesia was restored, the injury cap removed, and the scalp was sutured. Neomycin was applied on the suture and the rat was placed in a heated recovery chamber for approximately 1 h before returning to its cage.
Proteasome activity assessment
The last day of the exercise period or equivalent in sedentary rats, animals were quickly sacrificed by decapitation and tissue from the posterior one third of the cerebral cortex (caudal cortex) affected by FPI was saved at −70 degrees for biochemical analyses. The chymotripsin like activity of proteasome was measured as described previously (Hayashi and Goto, 1998) . In brief, caudal cortex was homogenized (100 mg) in a 10× volume lysis buffer containing 10 mM Tris, 0.25 M Sucrose, 1.5 mM MgCl 2 , 1 mM DTT, 10% Glycerol, 10 KCl, 5 mM ATP, complete solution should be at pH 7.4. The homogenates were centrifuged, the supernatants were collected and total protein concentration was determined by Micro BCA procedure (Pierce, Rockford, IL) using bovine serum albumin as a standard. The samples were diluted to same concentration (1 mg/ml). For the assay we mixed 5× reaction buffer (500 mM Tris-HCl pH 8.0, 5 mM DTT, 25 mM MgCl 2 ), homogenization buffer, BSA, SDS, sample, and substrate (Sucleu-Leu-Val-Tyr-AMC) with the total volume of 200 μl to measure chymotripsin like activity of proteasome complex. The samples were incubated at 37°C for 30 min, blocked the reaction with ice-cold methanol, and centrifuged at 10,000 g for 5 min. We took the supernatant, mixed with Tris-HCl buffer (pH 9.0) and we read the fluorescent intensity at Ex: 320 nm Em: 460 nm. The activity was calculated as described previously (Hayashi and Goto, 1998) .
Protein levels assessment by Western blotting
Synapsin I, Zif 268, 20S alfa core protein of 26S proteasome complex were analyzed by Western blot as previously described (Griesbach et al., 2004 
Statistical analyses
We used an analysis of variance (ANOVA) with repeated measures, and Fischer-test for cross group comparisons.
Results were expressed as the mean percent of control values for graphic clarity and represent the mean ± standard error of the mean (SEM). A linear regression analysis was performed on individual samples to evaluate association between variables.
